Abstract-To reduce the inspection cost of water supply pipe, various pipe inspection robots have been developed. In the previous study, a novel pipe inspection robot using a flexible pneumatic cylinder and pipe holding mechanism that could move forward along to the pipe by changing the robot's body naturally was proposed and tested. In this paper, to improve its mobility and responsibility, a pipe holding mechanism using an extension type flexible pneumatic actuator whose volume change is smaller than the previous one using a balloon is proposed and tested. In addition, to change the travelling direction of the robot, a compact bending unit using shorter extension type flexible actuators is proposed and tested. As a result of its driving test, the tested thin holding mechanism can hold a pipe without increasing its longitudinal length.
I. INTRODUCTION
In Japan, it is found that about 5% of the total length of water supply pipe have been already past the statutory useful life of 40 years [1] . Water pipe lines are very complex and include numerous corners and joints. If an excavating work is used to inspect these pipes, a huge cost is needed. Therefore, various inspection methods such as a fiber scope have been developed. However, a manipulated fiber scope has a limit of searching area. In particular, complex pipelines include angles and tee joints preventing the examination. Therefore, pipe inspection robots have been developed by various companies and researchers [2] [3] [4] . The cost of pipe inspection can also be reduced by using these robots. The inspection robots require high mobility. In ideal, it is more desirable that the shape of the robot body changes naturally because of the low energy consumption and reducing the time for traveling. In our pervious study, a pipe inspection robot that consists of a flexible sliding mechanism using a flexible pneumatic cylinder have been proposed and tested [5] [6] [7] [8] . The tested robot could travel in the narrow Manuscript received March 9, 2018; revised December 14, 2018.
space smoothly by changing the body according to the shape of the pipe.
In the next step, it is necessary to improve its mobility for corners and tee joints. In this paper, a thin pipe holding mechanism using an extension type flexible pneumatic actuator is proposed and tested. As a desired holding mechanism, it is necessary to develop a mechanism that increases in diameter without increasing its longitudinal length. It also needs to develop a compact bending unit that can change the moving direction of the inspection robot. In particular, to pass through elbow and pipe tee the bending unit with a shorter length of less than 100 mm and a bending angle of more than 90 deg. is required. In this paper, the construction and the operating principle of the tested holding mechanism and bending unit are described. The holding performance of the mechanism and bending ability of the unit will be investigated.
II. PREVIOUS PIPE INSPECTION ROBOT

A. Flexible Pneumatic Cylinder
As an actuator of an inspection robot that moves in a narrow space while changing body naturally, a flexible pneumatic cylinder is used. Fig. 1 shows the construction of the flexible pneumatic cylinder developed in our previous study [9] . The cylinder consists of a flexible tube as a cylinder, a steel ball with outer diameter of 9 mm as a cylinder head, and two slide stages. The 9 mm steel ball as a cylinder head is pinched by two pairs of brass rollers from both sides. This allows the ball to move freely when air enters into the cylinder. The operating principle of the flexible cylinder is as follows. When the pressure is applied to one side of the cylinder, the 9 mm steel ball which is in the middle of the slide stage is pushed and moved accordingly. At the same time, the steel ball pushes the brass rollers and then the slide stage moves while it deforms the tube. The slide stage can move even if the cylinder bends. The generated force of the cylinder is about 15 N when supplied pressure of 500 kPa is applied. Fig. 2 shows a flexible sliding mechanism using the flexible pneumatic cylinder and two open/close units as a holding mechanism developed in the previous study [6] . The coil type pneumatic supply tube is used as a supply pipe to the open/close unit on the slide stage and to the top end chamber of the cylinder. The open/close unit can expand the claw toward radial direction using the mechanism like an umbrella shape and is driven by the typical pneumatic cylinder. The initial diameter of the unit with no supply pressure is 48 mm. The unit has the maximum diameter of 120 mm when it opens and the maximum length of 140 mm when it closes. The flexible pneumatic cylinder is located into the coil tube. By using coil type tubes, the smart configuration of air supply pipes from the end of the mechanism can be realized. . 3 shows the operating principle of the sliding mechanism. The operating principle is as follows. First, the open/close unit at the end of the mechanism opens so that the claw can hold the pipe as shown in Fig. 3 (2) . Next, the right-side chamber of the flexible cylinder is pressurized, then, the slide stage with the open/close unit can slide toward the top end of the cylinder (3). When the slider reaches at the end of the cylinder, the open/close unit opens to hold the pipe (4). Then, the open/close unit at the end of mechanism closes (5), and the left side chamber of the cylinder is pressurized. At the same time, the flexible cylinder with the end open/close unit can move forward (6) . By repeating these operations from (2) to (6), the mechanism can move forward as an inchworm. . 4 shows the view movement of the tested inspection robot using the sliding mechanism when the robot passes through the pipe with the inner diameter of 100 mm. The size of the robot is 1.1 m in length with 48 mm of outer diameter. The total mass of the robot including the pneumatic driving system is 0.78 kg. The motion for passing through a pipe is as follows. First, from the far front of pipe tee (A, C), the bending unit of the robot is bent toward the desired direction (2) . While keeping the bending motion, the robot moves forward. Then, the acrylic guide is inserted into the desired pipe. The robot can move forward along to the pipe by changing the robot's body naturally. Fig. 4(3) shows the case when the robot passes through an elbow (B). In the same manner as the case of the pipe tee, by bending toward the desired direction in the far front of the corner, the robot can easily move at the corner. The moving speed passing through both corners is almost same speed of moving straight (about 140 mm/s). However, it is noted that sometimes open / close units have been trapped in the corner while the robot was bending. Therefore, it needs to develop a pipe holding mechanism with shorter longitudinal length. In addition, to realize quick response for holding the pipe as same as the previous, the unnecessary volume change of a holding mechanism should be decreased. 
B. Pipe Inspection Robot
III. PIPE HOLDING MEHCANISM USING FLEXIBLE EXTENSION TYPE ACTUATOR
A. Flexible Extension Type Actuator
In order to improve the mobility of the robot, a thin holding mechanism with quick response is required. If a balloon type holding mechanism is used, the response time of the mechanism is depending on the volume change and supplied flow rate of the balloon. In ideal, a flexible expanding mechanism toward radial direction without expanding toward longitudinal direction is required. In this study, therefore, as a pneumatic actuator whose volume change occurs toward only one direction, an extension type flexible pneumatic actuator is proposed and tested. Fig. 5 shows the schematic diagram of the proposed extension type flexible actuator. The tested actuator consists of a silicone rubber tube covered with a ruffled fabric sleeve made of nylon strings and two acrylic end connectors with a supply port. The rubber tube has an inner diameter of 8 mm and outer diameter of 10 mm.
The operating principle of the actuator is as follows. When the air is supplied to the actuator, the inner rubber tube expands toward radial and longitudinal directions. As the ruffled fabric sleeve can only deform toward longitudinal direction while preventing to expand toward radial direction, the actuator extends longitudinally. The actuator can extend more than about 2.5 times of the original length when the input pressure of 400 kPa is applied. Fig. 6 shows the side view of the improved pipe holding mechanism using the extension type flexible actuator proposed in this study. Fig. 7 shows the view of the improved pipe holding mechanism using the tested actuator mentioned above. The mechanism consists of a ring-shaped extension type flexible actuator that both ends of the actuator are connected with a tee joint. The actuator is placed to close and cover the plastic winding frame located at the center of the mechanism. The ringshaped actuator is fixed on the plastic frame by using five plastic hooks. It is covered by 4 pieces of silicon rubber films with thickness of 0.5 mm to prevent slipping on the pipe. The size of the mechanism is 78 mm in outer diameter and 45 mm in length without supplied pressure. Compared with the previous open/close unit, the longitudinal length becomes shorter from 140 mm to 45 mm. By using the flexible actuator, the rigid parts can be reduced on the circumference face. ) show the view of the operation of the tested holding mechanism when the supplied pressure of 0 and 500 kPa are applied, respectively. The operating principle of the pipe holding mechanism is as follows. When the air is supplied into the actuator, the actuator expands toward its longitudinal direction. As the actuator is fastened by hooks toward the center, the non-fixed area of the actuator expands toward radial direction as shown in Fig. 8 . At the same time, the stiffness of the actuator increases according to supplied pressure and the expanding area of the actuator can hold the pipe. The maximum outer diameter of 114 mm can be obtained when the supply pressure of 500 kPa is applied. In the opposite way, when the supply pressure is released, the actuator will naturally shrink back, and the flexible holding pipe actuator will return to its original form. This is because the silicone rubber tubes used have elastic deformations that will change in shape at a certain stress that is recoverable after the stress is removed. In such a deformation, the longitudinal length of the mechanism does not change and there is no unnecessary volume change of the actuator to expand toward radial direction. It can be expected that the tested holding mechanism does not interfere the robot passing through a pipe elbow because of its shorter longitudinal length and flexibility on circumference face compared with the previous open/close unit. In addition, silicone rubber sheet is covered on the actuator to reduce the frictional force between the actuator and wall surface of pipes. Fig . 9 shows the relation between the supplied pressure and the generated holding force of the tested mechanism. In the experiment, the generated force of the mechanism was measured by the force sensor (NIDEC-SHIMPO Corporation, FGPX-20) under the condition that the mechanism was installed into a pipe with an inner diameter of 100 mm. In Fig. 9 , circles show the average holding force calculated by 20 times measurements. Fig.  9 also shows the maximum and minimum holing force for each supplied pressure. From Fig. 9 , it can be seen that the average holding force of 44 N can be obtained when the input pressure of 500 kPa is applied. This force is enough to hold the inspection robot which weight less than 1 kg. Figure 9 . Relation between supplied pressure and generated holding force of the mechanism.
B. Proposed Pipe Holding Mechanism
IV. BENDING UNIT Fig. 10 shows the view of the previous bending unit using McKibben artificial muscles developed in our previous study [7] . The unit consists of three McKibben artificial muscles. The muscles consist of silicon rubber tube which are made of nylon mesh with the inner diameter of 2 mm and the outer diameter of 4 mm. Three muscles are set parallel at the end of disk in every 120 deg., and from the center of the disk with the radius of 12 mm. They are protected by the flexible plastic cover. The whole size of the bending unit is 175 mm in length and 45 mm in outer diameter. The mass of the unit is 98 g. The bending unit can bend 60 deg. toward every radial direction. The unit can change the direction of the inspection robot. To avoid being trapped in the corners and improve a steering ability of the inspection robot, a shorter bending unit with larger bending angle is required. Therefore, the bending unit using the extension type of flexible actuator which has the longer stroke than its original length is proposed and tested. Fig. 11 shows the view of the tested bending unit with a camera unit. The camera unit consists of a CCD camera (Shenzhen Sonice Technology Corporation, SJC-220) and acrylic guides to protect the CCD camera. The bending unit consists of three extension type flexible actuators with the length of 99 mm and two plastic disks. The actuators are set parallel between both disks in every 120 deg. and have the radius of 17 mm from the center of the disk. The bending unit has a length of 194 mm and an outer diameter of 60 mm. The total mass of the unit without the camera unit is 161 g. Fig. 12 shows the transient view of movement of the tested bending unit when the pressurized actuator is changed every 2 seconds. From Fig. 12 , it can be seen that the improved bending unit can bend toward every radial direction with bending angle of about 90 deg. 
V. WHOLE PIPE INSPECTION ROBOT UISNG IMPROVED HOLODING MECHANISMS AND BENDING UNIT
A. Whole Inspection Robot Fig. 13 shows the view of the whole pipe inspection robot using the improved holding mechanisms and the bending unit. The robot consists of the sliding mechanism using a low-friction type flexible pneumatic cylinder [10] , the improved bending unit with the camera unit, two holding mechanisms mentioned above and air supplied tubes. One of holding mechanisms is connected with the slide stage on the sliding mechanism by using four screws. The other is connected to the end of the sliding mechanism. As same as the previous robot, the coil type tubes with electric signal lines are used so that air pressure can be supplied from the end of the robot. The electric line is used to transmit the electricity and to broadcast video signal from the CCD camera. The size of the whole robot is 1.06 m in length and 78 mm in outer diameter. The mass of the whole robot is 0.63 kg without the controller and supplied pipes. Fig. 14 shows the schematic diagram of the control system of the robot. The system consists of the tested robot mentioned above, seven on/off control valves (SMC Corporation, S070C-SDG-32), a micro-computer (Renesas Electronics Corporation, SH7125) as a robot controller and a personal computer (PC for short) for sending commands to the robot. The micro-computer works as an interface between the operator command via PC and the robot. The control procedure is as follows. First, the PC sends the binary character code to the microcomputer through the serial communication cable and port by the operator. The micro-computer selects to drive the valve based on the control algorithm for input code through the I/O port and the transistors. By simplifying the complex motion of the robot such as moving forward or backward, the controller can realize the sequential motion of the robot by sending only one-character code. The sequential motions moving forward and backward are executed for about 40 seconds per cycle. As a result of preliminary driving test of the robot using the tested controller, it can be confirmed that each elements of the robot can be successfully driven through the tested controller. 
B. Control System of the Robot
VI. CONCLUSIONS
In order to improve the mobility of the pipe inspection robot using flexible pneumatic cylinders, the thin holding mechanism using the extension type flexible actuator was proposed and tested. The holding performance of the tested mechanism was investigated. As a result, it was confirmed that the tested holding mechanism could generated enough holding force of 44 N without unnecessary volume change of the inner actuator. Compared with the previous holding mechanism with a length of 140 mm, the longitudinal length of the improved thinner holding mechanism became shorter, that is 45 mm (about 32% of the previous one).
In order to improve the steering ability of the robot, the shorter bending unit using three flexible extension type actuators was proposed and tested. Driving test of the tested bending unit was carried out. As a result, the tested bending unit could bend more than 90 deg. even the length of the unit became two-third compared with the previous one.
As future work, the design and protector sleeve for the holding mechanisms so as to easily pass the corners and tee joints will be performed. In addition, we are going to carry out the driving test using the tested robot.
